The transfer function is (1) ( av) (2) Sv(f) == 4kBT(R/2) , where T is the temperature of the SQUID. The power spectrum, S~, of the flux noise is readily obtained from Eqs. (1) . and (2): (3) factor that is a complicated function of I , R, 1, and T. . for the pc.raiilet.:r values given, the detailed theory indicate~ that s; is a factor of about 3 higher than these estimates.
For most applications, the SQUID is coupled to a superconducting flux tralliformer. The appropriate figure of merit in the zero frequency limit is the energy resolution per Hz referred to the input coil of inductance L. 2M/1i 2a 1 (5) where Mi = a 2 11i.
-3 -Practical Device 7 The most sensitive de SQUID is that of Clarke, Goubau, and Ketchen . The configuration is shown in Fig. 1 The SQUID is invariably operated in a feedback mode. The SQUID is biased at a constant current I greater than the critical current, and a 100 kHzo modulation flux of peak-to-peak amplitude ~ /2 is applied by means of a 0 coil inside the SQUID. The ac voltage appearing across the SQUID is amplified with a cooled tank circuit (Q ~ 100) or by a cooled transformer with a gain of about 300. After further amplification with a FET preamplifier, the signal is lock-in detected, using a 100 kHz reference. The output of the lock-in is zero when ~ = n~ /2, and a maximum or minimum when ¢ = 
The long term drift of the SQUID in a helium bath whose temperature was regulated to ±50 ll K was ~ 2 x 10-s~ h -l. .. 
RF SQUID Principles
The rf SQUID consists of a single Josephson junction mounted on a supercon-8 9 ducting ring ' , with LI ~ ~ • The ring is coupled to the coil of a LC- a~ I e rf (6) where w/2~ is the rf frequency, LT is the tank circuit inductance, and
The value of M cannot be reduced indefinitely, since the influence of the SQUID on the tank circuit would become insignificant. An approximate lower limit on M is set by requiring that the dissipation in tht:! SQUID be no smaller than the dissipation in the tank circuit. A straight-1 forward analysis shows that this requirement is equivalent to
where Q is the quality factor of the tank circuit. If Q ~ 100, K ~ 0.1.
Taking the values w/2n ~ 30 MHz, LT ~ 100 nH, L ~ 1 nH, K ~ 0.1, and M ~ K(LLT)~ -1 nH, we find (aVT/a~e)Irf ~ 40 ~v~:l .
The rf SQUID is usually operated in a feedback circuit. A flux modulation (~ /2 peak-to-peak and typically at 100 kHz) is applied to the SQUID; after 0 rf detection, the 100 kHz signal is lock-in detected and the smoothed output is fed back to the tank circuit coil.
The three sources of noise in the rf. SQUID, intrinsic noise, tank circuit noise, and preamplifier noise have been reviewed in detail by Jackel and 10 10 11 Buhrman • The intrinsic flux noise has a power spectrum ' The tank circuit Johnson noise gives rise to an equivalent flux . 1 10 12 w1th a power spectrum ' '
where T is the effective temperature of the tank circuit. We have assumed e LI ~ ~ . The equivalent flux noise of the preamplifier has a power spec- The overall energy resolution is found from Eqs. (8), (9), and (12): (13) This expression assumes that LI ~ ~ and K2Q ~ 1. The intrinsic energy (in the white noise region) are presented in Table 1 for three rf SQUIDs (in the case of the·S.H.E. device, the new value of S¢ has been used).
Numerous workers have attempted to achieve better flux resolution byworking 18 at higher frequencies. For example, Pierce~ al.
operated a thin film cylindrical SQUID at 10 GHz, and obtained a flux noise of about 10-
and an energy resolution of 2 X 10 JHz at frequencies above a few kHz (see Table 1 ). The noise increased substantially at lower frequencies. 19 The best flux resolution is probably that obtained by Gaerttner ,
.
Hz-~, using a 440 MHz point contact SQUID. Unfortunately, the 0 parameters required to calculate S~/2a2L appear to be unavailable. 18 , indicating that their preamplifier had a nuise temperature higher than 500 K, and, probably, that E was greater than 0.2.
It is clear that high frequency preamplifiers with lower noise are ne~sary to reduce the preamplifier contribution to the flux noise. The most prom-19 ising development appears to be the use of cooled FET preamplifiers ,which can have lower noise temperatures than room temperature preamplifiers. A cooled preamplifier may have the additional advantage of reducing T substantially, thereby reducing S~tc). 
1)'
"l~ '
. . probably that the devices have had a performance that was at least adequate (and in many situations much more than adequate) for the applications in hand. However, there are now at least two applications in which more sensitivity is required, namely gradiometers and gravity-wave detectors.
I suspect that the next two years will see a substantial improvement in the sensitivity of SQUIDs.
The theory of noise in both the rf and de SQUID is now well understood,
~ "'). This result assumes that the noise temperature of the preamplifier is much less than T. The same result applies to the rf SQUID provided that the pump frequency, w, is R/L; however, in this case, it is very difficult to obtain a preamplifier noise temperature that is less than the device temper- -8 -
The symbol obviously stands for IC, for flux, ~' and for an rf SQUID threaded by flux. However, if you look at the program cover, you will notice that the symbol has apparently been printed upside-down. In order to avoid any confusion at a future conference, it occurs to me that one can readily introduce some symmetry into the symbol so that one does not have to worry about which way up to print it. Thus, for the next conference, I suggest that the symbol be slightly modified to look like this:
To conclude: I should like to express my thanks, and I am sure also th~ thanks of everyone here, to the organizers and sponsors of this conference.
IC SQUID was sponsored by the European Physical Society and the PhysikalischTechnische Bundesanstalt, to whom we are grateful for support. We should thank the program committee for their hard work in the selection of the papers and the organization of the sessions. We are also grateful to thP many people behind the scenes who helped make the conference a succ('ss:
those ladies and gentlemen who made sure that the projectors and loudspeaker systems worked, who supplied coffee when we needed it, and whu.
took care of travel arrangements, visits to the PTB, and the other miscellaneous details of a scientific conference. ~lany of us have enjoyed th~ hospitality of the local scientists who have acted as our guides. Finally, our warmest thanks are due to the conference chairman, Professor Hahlhohm, who has labored for a year to make this conference a success, and who bJs taken overall responsibility for the organization of the meeting. Thank you very much.
